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Lung cancer is the most prevalent global cancer, ~90% of which is caused by cigarette smoking. The LNT hypothesis 
has been inappropriately applied to estimate lung cancer risk due to ionizing radiation. A threshold of ~1 Gy for lung cancer 
has been observed in never smokers. Lung cancer risk among nuclear workers, radiologists and diagnostically exposed 
patients was typically reduced by ~40% following exposure to <100 mSv low LET radiation. The consistency and magnitude 
of reduced lung cancer in nuclear workers and occurrence of reduced lung cancer in exposed non-worker populations could 
not be explained by the HWE. Ecologic studies of indoor radon showed highly significant reductions in lung cancer risk. A 
similar reduction in lung cancer was seen in a recent well designed case-control study of indoor radon, indicating that 
exposure to radon at the EPA action level is associated with a decrease of ~60% in lung cancer. A cumulative whole-body 
dose of ~1 Gy gamma rays is associated with a marked decrease in smoking-induced lung cancer in plutonium workers. Low 
dose, low LET radiation appears to increase apoptosis mediated removal of a@-particle and cigarette smoke transformed 


pulmonary cells before they can develop into tung cancer. 
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1. INTRODUCTION 


There are about 1.5 million new cases of lung cancer 
diagnosed in the world each year. Lung cancer is the 
most prevalent cause of cancer mortality in the U.S., 
accounting for approximately 30% of all cancer deaths [1]. 
Lung cancer accounted for 1.2 million deaths worldwide 
in 2002, representing 18% of global cancer deaths [3]. 
About 90% of lung cancer mortality is due to cigarette 
smoking [2]. 

With the LNT (Linear No Threshold) hypothesis, any 
dose of radiation is expected to increase the risk of lung 
cancer. In using the LNT hypothesis, BEIR VII, ICRP, 
EPA, and NCRP assume that cancer risk is directly 
proportional to radiation dose, that biological mechanisms 
of cancer causation are the same at low and high doses, 
and that there is no threshold. Although admitting that 
simple extrapolation from high doses to low doses may 
not be justified, they do so anyway [6]. In contrast, the 
2005 French Academy of Sciences (Paris) and National 
Academy of Medicine report [7] concluded that the LNT 
hypothesis should not be used for low-LET doses < 100 
mGy for assessing carcinogenic risks [8]. The French 
Academies found abundant evidence for the radioadaptive 
response and radiation hormesis (benefit) and believed 
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that this data should be implemented in establishing 
radiation protection guidelines [7]. The same position 
was also taken by the Australasian Radiation Protection 
Society [177] and by participants in the 15" Pacific Basin 
Nuclear Conference [31] 

The radiation hormesis response, whereby low doses 
of ionizing radiation stimulate protective mechanisms in 
the cell, leading to a reduction in naturally occurring 
cancer, has been extensively studied. Low dose, low LET 
radiation activates a system of transient protective 
processes that includes antioxidants, high efficiency DNA 
repair, immunosurveillance and apoptosis preventing, 
repairing or removing genomically unstable (transformed) 
cells from developing into cancer. The adaptive response 
is associated with increased lifespan, and decreased 
mutations, chromosome aberrations, neoplastic 
transformations, congenital malformations, and cancer 
{9-13]. The protective processes are transient over time 
intervals of hours to weeks [179]. The selective removal 
of transformed cells by apoptosis is thought to involve 
intracellular signaling due to interactions with oxygen 
and nitrogen species and cytokines [22,175-176]. 
Apoptosis of chemical or radiation induced transformed 
cells is activated by low-dose, low-LET gamma or x- 
radiations, preventing expression of cancer [14-16]. 
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2. LUNG CANCER IN SMOKERS 


Cigarette smoke is a complex mixture of more than 
6000 chemicals, separated into a vapor phase and a 
particulate phase. Numerous carcinogenic compounds 
have been identified in primary and side-stream tobacco 
smoke. Hundreds of chemicals in tobacco smoke, including 
212Pp and 7!°Po, react covalently with DNA to form adducts 
or produce free radicals causing oxidative damage. More 
than 40 chemicals in smoke are known to cause cancer in 
humans and/or animals [23]. Cigarette smoke exhibits 
very significant synergistic interactions with ethanol to 
induce oral/pharyngeal cancers [24] and with asbestos to 
induce lung cancer [25]. 

The lung cancer incidence in Dresden, Germany 
increased about a hundred-fold from 0.06% in 1852 that 
was associated with cigarette production beginning in 1862 
[26]. The Relative Risk (RR) for lung cancer in heavy 
smokers living in the U.S. and European countries can be 
>100 [27-28]. Typical RR values for lung cancer mortality 
associated with ever-smoking, as compared to never- 
smoking, ranges from 15 to 30 [29,182]. The risk of lung 
cancer is highly dependant upon the number of cigarettes 
smoked per day, the length of time smoking, and time 
since quitting for ex-smokers [30]. The RR for hing cancer 
in France was 15.6 for current smokers, 9.2 for ex- 
smokers who stopped within the previous ten years and 
2.9 for ex-smokers who stopped at least 10 years [31]. 
Survival from lung cancer is poor with only ~10% of 
patients living longer than one year after diagnosis [32]. 

The cancer burden from tobacco use is enormous, 
confounding the usually much smaller lung cancer risks 
associated with ionizing radiation. The interaction of 
smoking and radiation makes lung cancer risk estimation 
more difficult [31]. The large variability among 
epidemiological studies of lung cancer and radiation dose 
is due to this powerful confounding influence of cigarette 
smoking [36-39]. Cigarette smoking so confounds studies 
of lung cancer formation in irradiated populations that it 
is difficult to determine if ionizing radiation exerts a 
significant effect on lung cancer formation in smokers 
unless they exhibit a RR >2.0 [40,46]. 

Eighty percent of male A-bomb survivors reported 
that they were smokers [47]. Of the about 600 lung cancer 
cases in Japanese A-bomb survivors, about 50 were 
related to radiation [48-49]. These few “excess” lung 
tumors could be mostly explained by the uncertainty of 
smoking habits [50-51]. Insufficient smoking data are 
commonly given in most published papers of lung cancer 
risk in irradiated populations [52-54]. Cohorts of nuclear 
workers in 15 countries were evaluated in a large meta- 
analysis of cancer risk. The authors admit that the study 
was not well controlled for smoking [55]. 


3. LUNG CANCER IN IRRADIATED NEVER SMOKERS 
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Over 100 epidemiological studies have failed to 
demonstrate a significant radiation risk of lung cancer in 
never smokers at doses <1-2 Gy [31,33-35]. A meta- 
analysis study indicated that doses < 2 Gy did not cause 
lung cancer in never smokers “but, in fact, indicate a 
reduction of the natural incidence” [33]. Other meta- 
analyses failed to show a significant association of indoor 
radon with lung cancer in never smokers [41-44,139-140]. 
The radon database in the IARC (International Agency 
for Research on Cancer) was reviewed without finding a 
single study of occupational risk for lung cancer in never 
smokers [44-45]. The lowest dose for which lung cancer 
was found in non-smoking U.S. uranium miners was 
>100 Working Level Months (WLM) [34]. Average lung 
doses among Chernobyl liquidators were as high as 0.6 
Gy due largely to inhalation of radionuclides [56]. No 
increase in the incidence of lung cancer was found in any 
group associated with the Chernobyl accident [57-58]. 
An increase in lung cancer in never smokers was not 
detected in A-bomb survivors [50]. 


4. LUNG CANCER AND LOW LET RADIATION 


“No one has been identifiably injured by radiation 
while working within the numerical standards set first by 
the NCRP and then the ICRP in 1934” [63]. The 1934 
ICRP standard was ~500 mSv yr' [64]. The approximate 
human cumulative threshold dose for lung cancer induction 
for low LET, near continuous exposures is ~15 Sv [65]. 

A significant part of the heterogeneity in carcinogenicity 
following low LET exposures may be due to dose-rate 
effects [59-60]. Plotting data from several epidemiological 
studies, as a daily dose instead of total cumulative dose, 
removed much of the heterogeneity, with a threshold of 
~100 mSv d” for excess relative risk of all solid cancers 
[61]. A dose-rate of 1-10 mGy d’ was associated with 
radiation hormesis [62]. 

Evidence for reduction in lung cancer risk from low 
dose radiation exposures has been found in a large number 
of epidemiological studies including airline flight 
personnel, inhabitants of high radiation backgrounds, 
shipyard workers, nuclear site workers, nuclear power 
utility workers, military nuclear test site participants, 
Japanese A-bomb survivors, residents contaminated by 
major nuclear accidents, residents of Taiwan living in °Co 
contaminated buildings, radiologists and radiological 
technicians and radiological diagnostic and therapeutic 
patients [12,23,31]. 

Annual determinations of cancer mortality from 1946 
to 1997 have consistently shown evidence of hormesis in 
UKAEA nuclear workers [67] and in Chernobyl liquidators 
[68]. At three UK nuclear facilities, the Standardized 
Mortality Ratio (SMR) for lung cancer in workers with 
the highest cumulative whole-body dose (400+ mSv) was 
0.59 for monitored workers and 0.97 for unmonitored 
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workers [69]. The RR for lung cancer at the UK Chapelcross 
nuclear plant was 0.57 (p<0.0001) based on Scottish rates 
and 0.65 when based on rates for England and Wales [70]. 
In a cohort of 45,468 Canadian nuclear power 
industry workers (1957-1994) the RR for lung cancer 
was 0.81 in males and 0.40 in females [71]. Nearly 
200,000 participants in the National Dose Registry of 
Canada from 1951 to 1988 were examined for cancer 
mortality. The Standardized Incidence Ratio (SIR) for 
lung cancer was 0.64 in males and 0.79 in females [72]. 
Mortality was examined in 176,000 Japanese nuclear 
industry workers from 1986-1997. The RR for lung 
cancer was 0.43 and 0.72 at cumulative doses of 50-100 
mSv and >100 mSv, respectively [73]. The RR for lung 
cancer was 0.59 in a study of US workers employed at 15 
nuclear power plants between 1979 and 1997 [74]. 
British radiologists who joined UK radiological 
societies between 1897 and 1997 were divided into four 
groups depending on when they joined: 1897-1920, 1921- 
1935, 1936-1954, and 1955-1979. Exposure limits during 
1936-1954 were 2 mSv day” or 500 mSv year", and 50 
mSv y' from 1955-1979. SMR comparisons were made 
with UK male non-radiology physicians. The RR for lung 
cancer was 0.74 in the 1936-1954 cohort with no lung 
cancers for the 1955-1979 cohort (6.5 cases were expected). 
For all cohorts post 1920 the RR for lung cancer was 0.70 
[66]. The RR for lung cancer in Japanese technologists 
was 0.62 for those who worked from 1897 to 1933 and 
0.45 for those who worked from 1934 to 1950 [77]. The 
RR values for lung cancer in U.S. technologists who 
worked from 1926-1939, 1940-1949, 1950-1959, 1960- 
1982 were 0.72, 0.76, 0.83 and 0.61, respectively [78]. 


Relative Risk 


0.0 0.5 1.0 1.5 2.0 2.5 
Dose (Gy) 


Fig. 1. Relative Risk of Lung Cancer in Patients Given 
Repeated Fluoroscopic Examinations During Therapy for 
Tuberculosis [79-80], and in Contralateral Lung Lobe 
Receiving Radiation from Radiotherapy for Breast Cancer 
[181]. The Figure is Redrawn from Rossi and Zaider [33] 
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Evidence of radiation hormesis was found for lung 
cancer in fluoroscopy patients being treated for 
tuberculosis (Figure 1) [79-80]. The RR for lung cancer 
in the contralateral lung at ten or more years after 
diagnosis of breast cancer in those receiving fractionated 
radiotherapy was 0.50 at a lung dose of 1.4 Gy [181]. 


5. EVIDENCE NEGATING THE HEALTHY WORKER 
EFFECT 


The current peer review system for many journals 
with respect to hormesis is ‘institutionally’ influenced by 
a type of toxicological political ‘correctness’ in applying 
the LNT hypothesis to epidemiological studies of radiation 
risk [82]. The use of the Healthy Worker Effect (HWE) 
as a mantra-like explanation for potential benefit from 
low dose radiation is actually censoring-like behavior that 
has become routine in many publications without adequate 
scientific explanation or evidence. Proponents of the 
LNT hypothesis attribute mortality reductions in nuclear 
workers to the HWE [83]. The HWE is a “catch-all” term 
that is used irrespective of the extent or degree of benefit 
obtained within the workplace, to avoid invoking the other 
obvious scientific conclusion, that there is a benefit to be 
had from exposure to low dose ionizing radiation. 

The HWE has been attributed to pre-employment 
medical screening examinations, better working and 
socioeconomic conditions, annua! medical physicals, and 
superior medical care for nuclear workers than national 
populations. No reduction in cancer mortality was found 
in men who received annual medical physicals compared 
to men who did not [84-85]. Medical screening decades 
ago had no capacity to detect those who might later 
develop cancer. 

Epidemiological studies of occupational nuclear 
workers exhibit an all cause mortality rate that is typically 
15% less than the general population [87-88]. Yet 
decreases in all cause and all cancer mortality are often 
much larger than 15% [89]. Epidemiological studies 
designed to compare exposed and unexposed cohorts in 
the same company or workplace, where medical procedures 
for employment and employee health are the same, should 
best delineate the HWE from radiation hormesis. In 
addition, the HWE-like response has been seen in many 
epidemiological studies not involving employee screening 
or medical care, such as for high environmental exposures, 
medical exposures and the Taiwan residential study [86]. 

The HWE usually lasts for only the first few years of 
employment and not for the decades seen in nuclear 
workers [91]. The ‘apparent’ HWE effect should increase 
with duration of employment if low dose ionizing radiation 
is beneficial. A pooled 15-country study of cancer risk in 
154 nuclear facilities, with a mean cumulative dose of 
about 20 mSv, failed to show a decrease in the HWE 
with increasing years of employment. In fact, a decrease 
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in mortality was observed with increasing duration of 
employment [89]. 

A large radiation hormesis effect was seen in French 
nuclear EDF workers. Mortality was less than half what 
was expected. The EDF workers and referent were all 
under the same selection procedures at hiring, under the 
same medical surveillance procedures with the same 
medical care and vacation regime. A longer duration of 
employment was associated with markedly less all cause 
and all cancer mortality. SMRs for all cause and all 
cancer were 0.55 and 0.81, respectively, at <5 y duration 
of employment, decreasing to 0.47 and 0.57, respectively, 
at 10+ y duration of employment [92]. Similar large 
benefits from cancer formation continued throughout 
employment for nuclear workers in Germany [94] and at 
the Pantex weapons plant [95]. Another group of French 
nuclear workers had less all cancer mortality than 
managers of the same nuclear power facilities; RR for all 
cancer mortality was 0.45 for nuclear workers and 1.05 
for managers [93]. 

The thirteen year US Nuclear Shipyard Workers Study 
(NSWS) evaluated workers health at eight shipyards, 
finding significantly reduced all cause and all cancer 
mortality [76,90]. The study was carried out by Johns 
Hopkins Department of Epidemiology and a final report 
written in 1997 [76]. The study was designed to avoid 
the HWE in comparing age-matched and job-matched 
nuclear workers and unexposed controls. A high-dose 
cohort (>5 mSv) of 27,872, low-dose cohort (<5 mSv) of 
10,348 and a control cohort of 32,510 unexposed shipyard 
workers were examined. The results showed a statistically 
significant decrease (p<0.001) for nuclear workers (SMR 
= 0.76) from all cause mortality as compared to non- 
nuclear workers (SMR = 1.02) at the same shipyard. The 
SMR for all malignant tumors at the highest dose cohort 
was significantly less (p<0.05) than controls [90]. 

Wilkinson studied the causes of mortality for women 
working in twelve U.S. nuclear weapons facilities. The 
study covered a total of 67,976 women who worked at 
these sites before 1980. [75]. Mortality data was compared 
for female nuclear workers who wore badges to monitor 
radiation exposure with mortality in female workers who 
did not wear badges. There were 25% more deaths from 
all causes and 17% more deaths from cancer in unbadged 
workers than in badged workers. A strong radiation 
hormesis effect was seen in all facilities for all cancers. 
The relative risk for lung cancer mortality in unbadged 
women who were not monitored was 49% higher than in 
badged workers [75]. Both the NSWS and Wilkinson 
studies used internal controls as referents for entrance 
into employment and medical care once employed, and 
both demonstrated clear evidence of radiation hormesis 
for lung cancer [75-76]. 

UKAEA nuclear workers from 1946-1997 were 
compared to UKAEA non-nuclear workers with respect 
to mortality. The RR for lung cancer in radiation workers 
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was 0.89 compared to non-radiation workers [67]. All 
cause mortality and mortality from smoking-related 
diseases were decreased at three UK nuclear facilities 
with non-nuclear workers acting as referent [70,96-97]. 
The SMR for lung cancer in workers with the highest 
cumulative whole-body dose was 0.59 for radiation- 
monitored workers and 0.97 for unmonitored workers 
[69]. All tumor mortality was decreased in monitored 
nuclear workers employed at Hanford [98] and at 
Rocketdyne [99] compared to non-monitored workers 
used as referent. A study of nuclear workers at the Idaho 
National Engineering and Environmental Laboratory 
(INEEL) compared SMR for all cancer mortality in 
badged workers who received zero dose with those workers 
who received a positive occupational dose. All cancer 
mortality was significantly less in badged workers with a 
positive dose than in those with zero dose [100]. 

Early Soviet nuclear workers at Mayak lived and 
worked in a dirty, poorly lighted and toxic chemical and 
radiation environment, always under the watchful eye of 
intelligence agents, as a result of Stalin’s determined effort 
to develop nuclear weapons in as short a period of time 
as possible. A case-control study of all morphologically 
verifiable lung cancer cases from 1966-1991 found 
significantly less lung cancer among Mayak nuclear 
workers [101]. The HWE was even claimed as the reason 
for substantial decrease in cancer mortality compared to 
the general Russian population for over a decade after the 
Chernobyl accident, even though the workers were not 
recruited on the basis of health and their mean stay as 
cleanup workers was only about 70 days [102]. 


6. RADON 


The greatest exposure to environmental radiation is 
from radon and radon daughters which involves both 
high-LET and low-LET radiations. The gamma ray 
component of radon and radon daughters are thought to 
stimulate hormetic effects. The average, annual, 
background radiation exposure in the U.S. is ~ 2.0 mSv 
y'. However, parts of the world exceed this background 
value by more than ten times [81]. More than half of the 
U.S. natural background radiation is associated with 
exposure to ?*Rn and its daughter radionuclides, including 
low LET radiations. The annual, external, gamma radiation 
dose from thorium and uranium series radionuclides is 
~0.20 mSv in Greek homes [105]. Most homes in the 
U.S. have a radon concentration of about 2 pCi L” [132- 
133]. The lifetime, cumulative, residential radon 
exposure ranges from 14 to 20 WLM [21]. 

The beneficial effects of inhaled and radon-laden 
water are evident in Russian and European spa hospitals 
where 100,000s of patients are annually treated for a 
variety of inflammatory, immune and hormonal disorders 
at radon concentrations up to a 1000 times that of the 


NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.40 NO.7 DECEMBER 2008 


CHARLES L. SANDERS Prevention of Cigarette Smoke Induced Lung Cancer by Low LET tonizing Radiation 


Table 1. Comparison of Annual Cancer Mortality [Per 10° Persons] in the Southeastern and Mountain U.S. States. "Louisiana, 
Mississippi, Alabama); “[Idaho, Colorado, New Mexico} [111] 


States All Cancer Mortality Lung Cancer Mortality Radon Level (pCiL") 
Mountain™ 147 » 47 2.6 
Southeastern’ 185 68 0.5 
Ratio (mountain/southeastern) 0.79 0.69 5.2 


Environmental Protection Agency (EPA) residential 
radon limit [26,106-107]. Protracted low-dose irradiation 
with radon enhances cell-mediated immunity and reduces 
pulmonary metastasis of melanoma in mice [108]. Radon 
balneology (therapeutic effects of baths) has been shown 
to be effective in randomized double-blind studies [109]. 
One study found an optimum therapeutic dose for radon 
of 2 mSv given over a two-week period [110]. 

The BEIR VI committee using the LNT hypothesis 
estimated that 10-15% of the annual 160,000 lung cancer 
deaths in the United States are attributed to indoor radon, 
based upon an analysis of lung cancer risk in eleven 
studies of underground miners. The mean cumulative 
exposure among miners was about 30-fold higher than 
that found in an average home [4]. The EPA action level 
for residential radon is 4 pCi L“ [5]. The EPA estimates 
an excess of 29 lung cancers in 1000 persons exposed 
lifetime to 4 pCi L” in cigarette smokers and 2 cases in 
never smokers. In contrast, a recent well designed case 
control study of indoor radon indicated a 60% reduction 
in RR for lung cancer at 4 pCi L“ [21]. This section 
examines the evidence for this astonishing statement. 


6.1 Environmental Radon 


A negative cancer risk has been found in regions of 
high background radiation [114-117]. The relative rates 
of cancer in native populations of Iran, India and China 
exposed to high levels of background radiation were 
decreased [81,113]. Several reports have shown a negative 
relationship between environmental radon levels and lung 
cancer rates [119-121]; the lung cancer mortality rate for 
43 U.S. urban populations was -0.51 (p<0.001) [179]. 
Residents near Yangjiang in Guangdong province, China, 
receive an annual background dose of 6.4 mSv. The RR 
for lung cancer was 0.81, while the Excess Relative Risk 
(ERR) per Sv was —0.68 [118]. 

Americans living in Rocky Mountain states receive 
radon exposures that are five times greater than those 
living in Southeastern states; the lung cancer rate was 
much less in the Rocky Mountain states (Table 1) [111]. 
Colorado radon levels average 7.3 pCi/L. The EPA 
estimates the average indoor radon level nationwide is 
1.3 pCi/L. For the period 1993-1997, the Colorado cancer 
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death rate per 100,000 population was 48.2 among males 
and 25.6 among females. These rates are well below the 
national averages of 69.4 for males and 34.0 for females. 
Relative to other states, Colorado has the third lowest 
lung cancer death rate in the nation [112]. 

Cohen found a powerful protective effect against hing 
cancer from residential radon exposures (Figure 2) [122- 
123]. The trend of county lung cancer mortality in males 
and females was strikingly negative with increasing radon 
exposure, even after adjusting for smoking and over 50 
other categorizations. The study encompassed 300,000 
radon measurements in 1,601 counties representing 90% 
of US residents [122]. For lung cancer in males the 
negative slope for lung cancer and radon exposure was - 
7.3 %/pCiL" for 1970 -- 1979 and -7.7 %/pCiL” for 1979 
— 1994 periods [124]. Equally strong negative correlations 
with radon exposure were also found for oral, laryngeal 
and esophageal cancers, also associated with smoking [125]. 

Cohen’s data points have very small error bars which 
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Fig. 2. Lung Cancer Mortality Rates Compared with Mean 
Home Radon Levels by U.S. County and Compared with the 
Linear Model by BEIR IV (RR = Ratio of Lung Cancer 
Mortality Rate for Residential Radon Levels to that of Average 
Residential Level, 1.7 pCi) [122] 
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are given in small increments of dose [122]. At higher 
lung doses (>10 pCi L"') the radiation hormesis effect 
disappears and the lung cancer risk exceeds the expected 
spontaneous incidence. This ecologic study of lung 
cancer and radon has much greater statistical significance 
and a sample size that is greater than all other published 
radon ecologic studies combined [126]. There was a huge 
discrepancy of 25 standard deviations between Cohen’s 
results and the predictions of the LNT hypothesis by BEIR 
VI (Figure 2) [127]. The trend of county lung cancer 
mortality was strikingly negative even after adjusting for 
smoking and 500 other confounding factors [122,127- 
129]. A statistically significant negative association 
between radon concentration and lung cancer was also 
found in 55 counties of England and Wales [131]. 


6.2 Indoor Radon 


The results of most published case-control, indoor 
radon studies and lung cancer are ambiguous, highly 
variable and uncertain [134]. The 95% confidence 
intervals in some studies are so wide that published 
plotted ascending lines with an inconsistent dose-response 
are actually more compatible with a descending line 
[135-137]. The combined carcinogenic effect of indoor 
radon and smoking has not been clarified in most case- 
control studies [44,138]. 

Ubiquitous false positive claims are more likely in 
epidemiological studies when the effect size is very small 
(RR <2.0). Meta-analysis findings, with pooling of low 
power single studies, often prove to be false. These 
problems are most often seen in biomedical research [146- 
148]. Some journals, such as the New England Journal of 
Medicine, do not accept epidemiological studies for 
publication unless the RR values are <0.5 or >3.0 [149]. 

Pooling several indoor radon case-control studies has 
not been successful in removing heterogeneity [41,139, 
141-142]. Pooled analyses from indoor radon studies are 
unable to rule out the existence of a threshold [143]. A 
meta-analysis of eight case-control studies of indoor 
radon and lung cancer was carried out [42]; five of the 
studies showed evidence of hormesis [144]. A meta- 
analysis of 17 case-control studies found that “no 
definitive conclusions could be drawn on the role of 
radon residential exposure on the risk of lung cancer” 
[142]. No multiple dose bin data was published for each 
reported study in several meta-analysis studies, making it 
impossible to evaluate the presence or absence of 
hormesis [41,139,141]. A meta-analysis of 21 case- 
control studies of indoor radon found negative ERR 
values for lung cancer for 1950-1954, 1978-1987 and 
1988-1997 cohorts [145]. 

A very well designed (nine categories of smoking, 
continuous radon monitoring, controls individually 
matched to cases), case-control study of indoor radon 
showed a significant reduction in lung cancer risk 
(Figure 3). AORs (Adjusted Odds Ratio) for lung cancer 
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Adjusted Odds Ratio 


0 50 100 150 200 250 300 
Radon (Bq/m’) 


Fig. 3. Case-Control Study of Lung Cancer Risk from 
Residential Radon Exposure in Worcester County, 
Massachusetts; Data is for Adjusted Odds Ratio with 95% CI 
[21] 


at 25, 50, 75, 150 and 250 Bq m° were 0.53, 0.31, 0.47, 
0.22 and 2.50, respectively [21]. According to the 
authors, this result was entirely unexpected. This case- 
control study [21] gave results similar to the ecologic 
epidemiological studies of Cohen [124]. 

BEIR VI has inappropriately extrapolated radon- 
related lung cancer risk from high dose, high dose-rate 
occupational (underground mines) exposures to low 
dose, low dose-rate indoor radon exposures [150-152]. 
Estimates of excess lung cancer risk using the LNT 
hypothesis at exposures less than threshold values, such 
as ~ 800 WLM in German miners [153], are not credible. 
The LNT hypothesis clearly does not present the true 
dose-response relationship of epidemiological data in 
either individual or pooled studies of indoor radon. 


6.3 Underground Uranium Miners 


Underground miners were heavily exposed to radon, 
often at high exposure levels in the early years of mining, 
which resulted in high lung cancer risks. For example, 
the RR for lung cancer was ~25 in uranium miners with 
cumulative exposures of >1,450 WLM compared to 
those exposed to <80 WLM [82,155]. The lowest dose 
for which lung cancer in non-smoking U.S. uranium 
miners was found ranged between ~ 200 WLM [155] and 
465 WLM [156]. A very large fraction of uranium 
miners were smokers [153,157]. Good smoking data are 
lacking in most studies of uranium miners. 

Exposure to uranium ore dust and y-rays may 
contribute 25-75% of the ‘effective’ dose to the lung in 
uranium mines. Applying this observation decreases the 
risk estimates of lung cancer from radon by a factor of 2-3, 
increasing the likelihood of thresholds [154]. The threshold 
for lung cancer in combined U.S. uranium miners was 


NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.40 NO.7 DECEMBER 2008 


CHARLES L. SANDERS Prevention of Cigarette Smoke Induced Lung Cancer by Low LET lonizing Radiation 


>80 WLM [82], >40 WLM in Australian uranium miners 
[158], >600 WLM in Chinese tin miners [159], and >800 
WLM in German uranium miners [153]. Interestingly, 
the RR for all non-lung cancers in uranium miners was 
less than expected, ranging from 0.73-0.89 [160]. 


7. INTERNAL HIGH LET ALPHA RADIATION 


Substantial alpha-dose thresholds for bone and liver 
tumors have been found: 10 Gy to skeleton for bone 
tumors from radium [163] and 2 Gy to liver for liver 
tumors from thorotrast [164-165] and plutonium [166]. 
Observation of thresholds have also been made for lung 
tumors following inhalation of plutonium. Statistically 
significant increased risk of lung cancer was found in 
Rocky Flats plutonium workers only at cumulative lung 
doses >400 mSv [161]. An increased risk of lung cancer 
was found in Mayak Pu workers only at a lung dose 
>1800 mSv, which were statistically significant only at a 
dose >7000 mSv [162]. 

A case-control study of all morphologically verifiable 
lung cancer cases from 1966-1991 among Mayak nuclear 
workers found a threshold of 0.80 Gy for incorporated 
2°Py. The RR for lung cancer at lung doses <0.8 Gy was 
significantly less (p<0.05) than national rates (RR values 
of 0.56, 0.59, and 0.83 at average Pu body burdens of 
0.34 kBq, 1.2 kBq, and 4.2 kBq, respectively) [101].The 
plutonium workers also received a whole body dose of 
~1 Gy from °Co [166, 168-169]. Manhattan plutonium 
workers had a median lung dose of 1.25 Sv and a RR for 
lung cancer of 0.68 [170]. The RR for lung cancer among 
Russian radiochemical workers from chronic gamma 
irradiation was 0.39 at a lung dose of 0.1-12 mGy and 
0.53 for a dose of 12.1-50 mGy [167]. 


8. MECHANISM 


Two nearly identical lifespan studies were carried out 
in the same laboratory with 70-day old female Wistar rats 
exposed to submicron-sized, insoluble aerosols of high- 
fired *°PuO, particles. The first study [171] was with 936 
rats exposed to *°PuO, and the second study was with 
3142 rats exposed to 'Yb203-?*°PuO, [172-173]. The 
only difference between the two studies is that rats in the 
second study received 1-2 mSv y-ray doses from the 
‘Yb tag used to determine plutonium lung depositions. 
The lung tumor, threshold a-particle dose for ”’PuO, was 
0.05 Gy for the *°PuO,-only in the first study, while the 
lung tumor, threshold a-dose from '’Yb20;-7??PuO, was 
1.5 Gy in the second study (Figure 4). Mixed LET 
radiation exposures from *°Pu and ®°Co in Mayak 
plutonium workers is associated with a ~80% decrease in 
lung cancer below that expected from alpha irradiation 
alone, which is similar to the decrease in lung cancer seen 
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Fig. 4. Frequency of Lung Tumors in Female Wistar Rats 
Following Inhalation of *°PuO, or '!°YbO3-"°PuO, [171,173] 
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Fig. 5. Relative Risk of Lung Cancer in Mayak Nuclear 
Workers Exposed to ™”Pu a-Particles and °Co y-Rays. Data 
Obtained from a Model Developed by Scott [180] 


in rats exposed to °Pu and 'Yb [178,180] (Figure 5). 
Low dose, low LET radiation enhances normal 
apoptosis and activated Protective Apoptosis-Mediated 
(PAM) process that selectively removes precancerous 
cells [174-175], including cells transformed by chemical 
carcinogens [14,16]. A protracted gamma ray dose of 1-2 
mSv from ‘Yb to the lung of rats or from chronic Co 
in Mayak plutonium workers may have induced apoptosis 
of pulmonary cells genomically damaged by high LET a- 
radiation and/or cigarette smoke [15,17-19,101]. The 
low-LET radiation component of mixed LET exposures 
associated with radon and radon daughters and plutontum 
and Co may trigger the hormetic response and protect 
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against the carcinogenic effects of cigarette smoke and 
alpha radiation. Low dose, low LET radiation appears to 
not only protect against spontaneous lung cancer but also 
against lung cancers associated with exposure to chronic 
alpha radiation and to cigarette smoking. 
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